Both n-channel and p-channel thin-film transistors have been realized on ZnO nanoparticle (NP) layers sprayed onto quartz substrates. In this study, nitrogen-doped ZnO-NPs were synthesized using an arc-discharge-mediated gas-evaporation method that was recently developed. Sprayed NP layers were characterized by scanning electron microscopy and Hall effect measurements. It was confirmed that p-type behaving NP layers can be obtained using ZnO-NPs synthesized with lower chamber pressure, whereas n-type conductivity can be obtained with higher chamber pressure. pn-junction diodes were also tested, resulting in clear rectifying characteristics. The possibility of particle-process-based ZnO-NP electronics was confirmed.
Introduction
Zinc oxide (ZnO) attracts considerable attention because it is an oxide semiconductor with a direct wide bandgap of 3.37 eV at room temperature, it can be developed for largearea substrates, and it exhibits high-field effect mobility. Due to these advantages, ZnO is a promising candidate for applications to optoelectronic devices such as light-emitting diodes (LEDs) [1] and laser diodes, as well as to electronic devices such as thin-film transistors (TFTs) [2] [3] [4] [5] [6] .
One difficulty faced by ZnO application is that it is challenging to obtain p-type conductivity with this material because of the compensation by intrinsic donor defects such as oxygen vacancies and Zn interstitials [7, 8] . Various approaches have been reported for achieving p-type ZnO layers, like doping with group Ia [9, 10] , Ib [11] , and V [12] [13] [14] [15] elements, codoping with group Ia, III, or V elements [16, 17] , and so on [18, 19] . However, few results can achieve LED or TFT operations using the obtained p-type layers.
We recently succeeded in synthesizing nitrogen-doped ZnO nanoparticles (NPs) using a gas-evaporation method. This method was confirmed to p-type conductivity using the scanning nonlinear dielectric microscopy (SNDM) technique [20] . Fujita et al. [21] reported pn-junction-type nearultraviolet (UV) LEDs using these NPs on Ga-doped ZnO (GZO) films. These results suggest that doped nitrogen atoms are incorporated into oxygen sites, acting successfully as acceptors [21] [22] [23] [24] [25] . By regulating the conditions of the gasevaporation method, ZnO-NPs with n-type conductivity can also be obtained [20] . These results strongly indicate that both p-type and n-type ZnO-NP layers can be obtained, allowing the achievement of p-and n-channel ZnO-TFTs. Previously, some approaches were developed to form TFTs using ZnO-NP layers [26] [27] [28] [29] ; however, only n-type conductive NP layers succeeded for TFT operations.
In this study, we attempt to realize both p-and n-type ZnO-NP layers on glass (quartz) substrates using a spray method. Then, we present the first ever demonstration of pand n-channel depletion-type TFTs.
Experimental
ZnO-NPs were synthesized by arc-discharge-mediated gas evaporation using dry air, as shown in Figure 1(a) . By this method, Zn metal was evaporated by direct current (DC) arc discharge and oxidized in the supplied dry air. Incorporation and doping of nitrogen atoms at O-sites in ZnO-NPs were performed by N 2 radicals generated by arc plasma. Thus, extending the lifetime of N 2 radicals and increasing the number of O vacancies were effective means of nitrogen doping. The low chamber pressure led to the lifetime extension of N 2 radicals through fewer collisions, and the high arc current caused excess evaporation of Zn, leading to deficiency of oxygen. In our evaporation system, a chamber pressure of 150 Torr and an arc current of 50 A were suitable for enhanced nitrogen doping (referred to as "type A"); on the other hand, 610 Torr and 30 A were chosen for suppressed nitrogen doping (referred to as "type B"), in the expectation of obtaining p-type and n-type ZnO-NPs, respectively. The dispersions used for the spray process were prepared by mixing and dispersing 0.2 g of ZnO-NPs and 20 g of water using an ultrasonic homogenizer with power of 150 W for 3 min and by centrifuging with a force of 3,000 G for 1 min to remove large-sized NPs. Particle size distributions using type A and type B NPs were similar to the median size of 200 nm.
The NP layers were formed on the quartz substrates by a spray method, as shown in Figure 1 (b). 30 mL of dispersion fluid was sprayed over 500 bursts with 5 s intervals. The hotplate temperatures were 250 ∘ C and 500 ∘ C for dispersions with type A and type B NPs, respectively. To avoid desorption of the nitrogen atoms from NPs, a reduced temperature was applied for the former ones.
Morphologies were examined by field-emission scanning electron microscopy (FESEM; JSM-7001FA, JEOL, 5 kV). The sheet resistance was determined independently by the transfer length method (TLM) for electrode distances of 100 to 500 m, and the electronic mobility and carrier concentration were evaluated by the van der Pauw method (HL5500PC with HL5580 Buffer Amplifier, ACCENT). For ohmic electrodes, based on their different work functions, Au and Al were used for the layers using type A and type B NPs, respectively. surfaces were covered with NPs with sufficient uniformity. Figure 2 (b) shows relatively rough morphology, since the hotplate temperature was lower and it needed a relatively long time to evaporate, leading to cohesion phenomenon. The Hall effect measurement results for NP layers using type A and type B NPs are summarized in Table 1 . A notable result is the carrier polarity shown in the signs of the carrier concentrations. Especially in the values for type A NP layers, signs of plus were obtained reproducibly. Furthermore, another behavioral analysis between the carrier concentration (sign and quantity) and the content of nitrogen atoms, which were examined using ZnO-NPs synthesized with different arc current and chamber pressure, showed
Results and Discussions
Electron Hole
Electron Hole 2.5 × 10 6 significant relationship; that is, high nitrogen content yielded a plus sign and low content yielded a minus sign (not shown here). From these results, it can be guessed that the type A NP layers have p-type conductivity. The mobility of type A NP layers (hole) was larger than the mobility of type B ones (electron), whereas the hole mobility is smaller than the electron mobility in usual single crystal ZnO [19] . Recent nitrogen-doped ZnO-NP layers containing grain boundaries (GBs) show similar behaviors [13] [14] [15] . Generally, the GBs affect the carrier transfer, since the majority carriers will be trapped at the defects in GBs' site with forming energy barriers as shown in Figure 3(a) . But, in p-ZnO-NP layers, if the electrons were trapped at the defects in GBs' site, hole transfer may not be affected by GBs (as shown in Figure 3(b) ). One report [30] indicates that the excess oxygen at the GB area acts as acceptor, capturing the electrons and assisting the hole transfer. It was confirmed that there was OH group at the surface of ZnO-NPs used in this study [31] , which may contribute to electron trapping at GB site and behave similarly as shown in Figure 3(b) . Another approach to explain the higher hole mobility compared to electron one in the NP layers (quantum dot films) was provided in the recent literature [32] , applying the variable-range hopping model to the carrier transfer from one NP to neighboring NPs. In this calculation, NP layers with size dispersions can be determined using molecular dynamics simulations. For the random distribution of various NP sizes in the film, which is suitable for ZnO-NP layers used in this study, the resultant degradation of the electron mobility increased with the increase of the size dispersion, while the hole mobility showed less degradation. Since the size dispersions of ZnONPs used in this study are large enough compared to those in these calculations, larger degradation of electron mobility than that of hole mobility should occur, leading to higher mobility in type A NP layers. Here, it is not clear yet which model (i.e., enlarging the hole mobility by the electrons in GBs or the degradation of the electron mobility by largesize dispersions of NPs) is true; however, the reproducible larger mobility values can be evidence for p-type conduction in type A ZnO-NP layers. On the other hand, the low carrier concentration and the high sheet resistance values indicate that further investigations and process optimizations are required. In this paper, for convenience, the layers formed using type A and type B NPs are described as p-type and ntype layers, respectively. By stacking the p-type ZnO-NP layer on the n-type one, pn-junction diodes were fabricated on quartz substrates, as schematically shown in the inset of Figure 4 (a). The spraying conditions for each of the n-type and p-type layers were the same as described above. The obtained I-V characteristic is shown in Figure 4 (a), indicating some rectifying characteristics. To avoid Schottky barrier formation, ohmic behaviors were examined individually on n-and p-type layers, as shown in Figures 4(b) and 4(c) , respectively. Obvious ohmic contacts were confirmed at the contacting electrodes on each n-and p-type ZnO-NP region. Thus, the 4 Journal of Nanomaterials rectifying behavior shown in Figure 4 (a) was confirmed to be obtained from the pn-junction structure. However, the leakage current in the reverse bias region was relatively high; in synthesizing the p-type ZnO-NPs, an inhomogeneous arc plasma density distribution may have caused the formation of fewer nitrogen-doped or n-type NPs, whose possibility was discussed in [21] . One possible reason for the leakage current in the reverse bias region is the existence of n-type NPs in the p-type layer. Another problem is that the turn-on voltage in the forward bias region was smaller than about 3 V, which was expected from the ZnO bandgap energy. The conductive mechanism in the NP film may affect this point; however, further investigation is required.
Back gate metal-oxide-semiconductor depletion-type TFTs were fabricated on Si/SiO 2 substrates using the sprayed p-type or n-type ZnO-NP layers obtained in this study. The schematic cross-sectional device structure was shown in Figure 5 (a). The thicknesses of Si/SiO 2 /ZnO-NP were 500 m/0.078 m/20 m, respectively. Au and Al electrodes were patterned on p-type and n-type layers, respectively, as source/drain contacts. The distance between source and drain (gate length) was 450 m, and the width was 300 m. Figures 5(b) and 5(c) show the -curves of TFTs using p-type and n-type ZnO-NP layers, showing the decrease in drain currents with the positive and negative back gate biases, respectively. It has been confirmed that transistor behaviors were obtained using each p-type or n-type ZnO-NP layer as a channel region. Transistor performances and stabilities are insufficient for the practical use in this stage; however, we have demonstrated the world's first p-type and n-type ZnO-based TFTs using NP-deposition layers. The possibility of future contributions to extremely simple and low-cost NP and spray processes for ZnO-NP-based electronics has been confirmed.
Conclusions
ZnO-NP layers were successfully obtained by spraying dispersions of ZnO-NPs, which can be an extremely simple and low-cost process. ZnO-NPs were synthesized using an arc-discharge-mediated gas-evaporation method, providing nitrogen-doped ZnO-NPs. Depending on the synthesizing conditions, sprayed NP layers showed p-type and n-type conductivities with high reproducibility. Discussions about the reason for higher mobility in p-type layers than that in ntype ones are added, which can support the fact of realization of the p-type ZnO-NP layers. pn-junction behaviors were tested using these layers, showing clear rectifying characteristics. Finally, operations of p-channel and n-channel TFTs on sprayed ZnO-NP layers used in this study were successfully demonstrated. These results are expected to lead to further contributions to the future ZnO-NP-based electronics.
